Although previous studies have shown that cardiac myosin heavy chain (MHC) composition undergoes a switch from the u-to R>-isoform in the heart
I
N the heart, the u and~isoforms of cardiac muscle myosin heavy chain (MHC) are encoded by separate uand~-MHC genes, respectively (1) . Several studies have shown that both a-and~-MHC genes have thyroid hormone responsive elements (TREs) in the 5'-flanking region (2) (3) (4) (5) (6) and that their expression can be regulated by thyroid hormones. At birth, the~-MHC isoform predominates whereas u-MHC levels are low. During early postnatal development, however, u-MHC levels increase rapidly, almost completely replacing~-MHC by 1 month of age. This developmental transition is most likely regulated by thyroid hormones, the plasma levels of which steadily rise during the neonatal period (7, 8) . With further aging, however, the level of cardiac u-MHC mRNA progressively decreases whereas that of -MHC mRNA increases. The altered expression of MHC genes accounts for the changes in the levels of u-MHC and -MHC proteins with aging. The switching of the MHC from the a-to the~-isoform with adult aging may, in part, underlie the decline in the shortening velocity in isotonic contractions and may also be associated with the prolongation of time to peak tension in isometric contractions and prolonged time to peak shortening in isotonic contractions in cardiac muscle from aged rats (9) .
Proteins encoded by the protooncogene c-erbA have been identified as thyroid hormone receptors (THRs). These bind to the TREs of target genes and regulate their expression (10, 11) . In the rat, four c-erhA gene products have been isolated, three of which, r-erbAa-1, r-erbAb-1, and r-erbAb-2, encode biologically active thyroid hormone receptors (THR o-L,~-1, and~-2); the fourth, r-erbAa-2, does not bind triiodothyronine (T3) and may act to inhibit T3 action. The r-erbAa-1, r-erbAu-2, and r-erhAfs-I mRNAs are expressed ubiquitously in rat tissues, whereas the r-erbA~-2 mRNA is detected only in the anterior pituitary gland (12, 13) .
Retinoid X receptors (RXRs) are members of a large superfamily of intracellular hormone receptors. The natural ligand of RXRs has been shown to be 9-cis-retinoic acid, an isomer of all-trans-retinoic acid, (14) (15) (16) . RXRs bind as homodimers or heterodimers to conserved palindromic DNA sequences (i.e., hormone responsive elements) and mediate hormonal regulation of target genes. Several studies have shown that THRs and RXRs form heterodimers which bind to TREs of target genes with high affinity and specificity (18) (19) (20) . Heterodimerization is likely to be a rate-limiting step for DNA binding and transcriptional activation. RXRs are expressed in all vertebrate tissues; three RXR genes encode distinct receptors (RXRu, -r3 and -,,/) and are found to exhibit unique and overlapping patterns of expression.
The age-associated shift in MHC gene expression resembles the hypothyroid state. Because the plasma levels of thyroid hormones do not markedly decrease with age (21), the switching of MHC from the a-to the r3-isoform with adult aging might be associated with a decrease of thyroid hormone actions (9) . Indeed, the administration of thyroxine or T3 to senescent rats increases the expression of u-MHC and decreases~-MHC expression (21, 22) , but the level of .a-MHC protein expression in the senescent heart following thyroxine treatment is still less than that following thyroxine treatment of young rats (21) . Thus we hypothesized that altered expression of THR and RXR genes might occur with aging in a way that could, in part at least, account for the switch of MHC isoforms with adult aging. We therefore measured the levels of r-erbA and RXR mRNAs and proteins in hearts of rats of a broad adult age range.
MATERIALS AND METHODS

Animals
Male Wistar rats, aged 2, 6, and 24 months, were obtained from the colony at the Gerontology Research Center, Baltimore, MD. Forty 2-month-old, 20 6-month-old, and 20 24-month-old rats were sacrificed by decapitation and hearts removed. The left ventricles were excised, immediately frozen in liquid nitrogen, and stored at -70°C until further use.
Probes
The r-erbA cDNA-containing plasmids were generously provided by Dr. H. C. Towle (Minneapolis, MN). The cDNA fragments for detection of r-erhAe and -J3 (554 bp and 398 bp, respectively) were generated by using polymerase chain reaction (PCR), verified by DNA sequence analysis, and labeled by the random primer method (Prima-gene; Promega, Madison, WI). The cDNAs of RXRs (RXRa, RXRJ3, and RXR'Y) were kindly provided by Dr. D. J. Mangelsdorf (La Jolla, CA). The oligonucleotide probes for a-MHC, J3-MHC, and the 18S ribosomal RNA were synthesized and labeled as described previously (23) .
Northern Blotting Analysis
Frozen heart tissue was homogenized and total RNA extracted in RNAzol solvent (Tel-Test Inc., Texas) (23) . Poly(A+) RNA was prepared from total RNA using oligo(dT) cellulose chromatography (Pharmacia, Sweden). Total RNA (10-20 mg per lane) was size-fractionated by 1% agarose gel electrophoresis and transferred electrophoretically at 5 V/cm to a nylon membrane. Membranes were hybridized overnight at 63.5°C in Church's hybridization buffer with the specific 3 2 P-radiolabeled cDNA probes for the mRNAs of r-erbA or with oligonucleotide probes for a-MHC and [3-MHC mRNAs at 60°C. The membrane was washed twice at 63.5°C (30 minutes each) with a buffer containing 0.5% bovine serum albumin (BSA), 1 mM Na2EDTA, 40 mM sodium phosphate (pH 7.2), 5% SDS, and three times (20 minutes each) with a buffer containing 1 mM Na2EDTA, 40 mM sodium phosphate (pH 7.2), and 1% SDS. For RXR mRNA studies, 10 mg of poly(A+) RNA was fractionated in a 1% agarose gel. After transfer to a nylon membrane, the poly(A+) RNA was hybridized with 3 2 P-Iabelled r-erbA and RXR cDNA probes at 42°C in a buffer containing 50% formamide, 5X Denhardt's solution, 5 X SSPE (900mM NaCI, 50mM NaH2 P04, 5mM EDTA, pH 7.0), and 0.1% SDS. The membrane was washed twice with 2X SSC (300mM NaCI and 30mM Na-citrate, pH 7.0) and 0.1% SDS at 22°C and twice at 50°C. The radioactivity of resulting bands was quantified using a Betascope (Betagen Co., Watham, MA). A cDNA probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA and an oligonucleotide probe for 18S ribosomal RNA were used to normalize the signals obtained with each mRNA probe.
Western Blotting
The left ventricles were collected from Wistar rats of 2, 6, and 24 months of age and were cut into small pieces. The heart tissue was homogenized at 4°C in 10 mM Tris buffer (pH 7.4) containing 1.0 mM phenylmethylsulfaryl fluoride (PMSF), 10 mgfmL leupeptin, and 0.1% Triton X-100. The homogenate was centrifuged at 4 6C at 15,000 rpm for 20 minutes, and the supernatant was collected. Protein concentration from each sample was measured on a Bio-Rad microplate reader (Bio-Rad Laboratories, Richmond, VA) using Bicinchoninic Assay (BCA) protein assay reagents (PIERCE, Rockford, IL). For sodium dodecyl sulfate polyacrylamide-gel electrophoresis (SDS-PAGE), 50-100 mg of protein from each sample was loaded on a 10% polyacrylamide gel. Following size-fractionation on the gel, proteins were transferred to a polyvinylidene fluoride (PYDF) membrane. The membrane was blocked with a buffer containing 1% BSA and 0.1% Tween-20 in phosphate-buffered saline (PBS) for 2 hours and incubated at 4°C overnight with primary antibodies against RXR'Y or THR-[31 (Santa Cruz Biotechnology, Inc., CA). After washing with PBS containing 0.1% Tween-20, the membranes were incubated at 4°C for 4 hours with horseradish peroxidase (HRPO)-conjugated secondary antibodies. The membranes were then thoroughly washed with PBS. Enhanced chemiluminescence (ECL) reagents (Amersham, Arlington, IL) were used to identify luminescent signals detecting antibody binding on the blot and visualized by exposing the membrane to a Kodak film (Sigma Chemical Co., St. Louis, MO) in a dark room. The relative intensity of the immunoblots obtained from each sample on the film was determined by scanning with a densitometer (Molecular Dynamics, Sunnyvale, CA).
Statistical Analysis
Data are expressed as mean ± SE. A one-way analysis of variance (ANOYA) was used to evaluate differences among age groups. Multiple post hoc comparisons were made using Tukey honest significant difference and a statistically significant difference was taken as p < .05.
RESULTS
Effect ofAging on the Expression ofMHC Genes in the Heart
As shown previously in the rat heart, a-MHC was the predominant mRNA at 2 months of age (Figure 1) . The level of a-MHC mRNA, however, decreased with aging and was markedly reduced (by 80%) at 24 months. In contrast, the expression of [3-MHC mRNA in the heart was low at 2 and 6 months, but substantially increased (2-fold) by 24 months, also in agreement with previous studies (21, 22, 24, 25) .
The Expression ofThyroid Hormone Receptors in the Heart During Aging
For the Northern blotting analysis, the levels of r-erbA mRNAs were normalized to the levels of the corresponding ISS ribosomal RNA and the ratio of the r-erbA mRNA to the ISS ribosomal RNA level for the 2-month group was represented as 1.00. Figure 2A shows representative Northern blots of the r-erbA mRNAs and Figure 2B shows the average normalized data. The relative levels of r-erhAu-I and r-erbAu-2 mRNAs markedly decreased between 2 and 6 months of age. The r-erbAu-1 mRNA showed an additional small (not statistically different) decline between 6 and 24 months. In contrast, the r-erbAJ3-1 mRNA level showed a trend (not statistically significant) for a small increase between 2 and 6 months. However, between 6 and 24 months, the level of the r-erbAJ3-1 mRNA significantly decreased by 40%. Western blotting analysis confirmed these results, showing that, like the abundance of mRNA, the level of r-erbAJ31 protein showed a nonsignificant trend to increase between 2 and 6 months, but decreased by 60% between 6 and 24 months (Figure 3 ).
DISCUSSION
In agreement with our previous results (23) and those of others (21, 22, 24, 25) , the present data show that the level of u-MHC mRNA decreases whereas that of J3-MHC mRNA 
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The Expression ofRetinoid X Receptors in the Heart During Aging
In the present study, poly(A+) RNA was used to detect expression' of RXR mRNAs in the hearts from rats of 2, 6, and 24 months of age. The levels of RXR mRNAs were normalized to the levels of the corresponding GAPDH mRNA and the ratio of the RXR to the GAPDH mRNA level for the 2-month group was represented as 1.00. Figure 4A shows representative Northern blots of RXR isoforms and Figure 4B shows the average normalized levels of the RXR mRNAs. With aging, there was no change in the level of the RXRu mRNA and slight, but not statistically significant, decrease in the levels of the RXRJ3 mRNA. However, the expression of RXR')' mRNAs significantly decreased between 6 and 24 months of age. Figure 5 shows that a decrease in the level of the RXR')'protein also occurred between 6 and 24 months. Figure 1 . The expression of a-and I3-MHC genes in the heart of rats during aging. 10 mg of total RNA extracted from hearts of Wistar rats of 2, 6, or 24 months of age were size-fractionated in a 1% agarose formaldehyde gel, electrotransferred to a nylon membrane, and hybridized with the oligonucleotide probes for a-and I3-MHC. An oligonucleotide probe for l8S ribosomal RNA was used to normalize the signals obtained with each mRNA probe. Values are mean ± SE, n =6. For the a-MHC mRNA, the ANOVA shows a statistically significant overall effect of age (p < .001); #, p < .05 versus the 2-month group; **, p < .01 versus the 6-month group. For the I3-MHC mRNA, the overall effect of age was significant (p < .05) *,p < .05 versus the 2-month or the 6-month group. The level of thyroid hormone receptor-Bl mRNA decreases in advanced age. Total RNA was extracted from hearts of 2-, 6-, or 24-month-old Wistar rats. 20 mg of total RNA were size-fractionated in a 1% agarose formaldehyde gel, electrotransferred to a nylon membrane, and hybridized to the specific 3 2 P-Iabelled cDNA probes. The common rerbAa cDNA probe annealed to both the 5.0-kb r-erhAc-I mRNA and the 2.6-kb r-erbAa-2 mRNA. Hybridization with a common r-erbAI3 cDNA probe only yielded the band corresponding to the 6.0-kb r-erhAjs-I mRNA. The mRNA level of each sample were normalized with the levels of the 18S ribosomal RNA. A, A representative Northern blotting analysis of expression of r-erhA mRNAs. B, Quantitation of levels of thyroid hormone receptor mRNAs in the rat heart during aging. Values are mean ± SE, n = 8. For the r-erhA-c l and -a2 mRNAs, the ANOVA shows an overall effect of age (p < .001); #, P < .01 versus the other groups. For the r-erba-Bl mRNA, the overall effect of age by the ANOVA was p < .05; *, p < .05 versus the 6-month group. ments of THR and RXR mRNAs and proteins showed no change with age; others showed modest trends that were not statistically significant, but some changed dramatically with aging. It is possible that with a larger sample size, some of the modest but not statistically significant changes would became statistically significant. The most marked changes observed between adulthood and senescence were in the mRNA and protein levels for the r-erbA~-l and RXR ')'-iso- Total RNA was extracted from hearts of 2-, 6-or 24-month-old Wistar rats and poly(A+) RNA was prepared by oligo(dT) cellulose chromatography. Poly(A+) RNA (10 mg per lane) was size-fractionated in a 1% agarose formaldehyde gel, electrotransferred to a nylon membrane, and hybridized to the specific 32P-Iabelled cDNA probes. Three RXR cDNA probes for RXRa, -13, and --y mRNAs produced 5.6-, 3.0-, 2.5-kb blots, respectively. The cDNA probe for GAPDH RNA was used to normalize the corresponding mRNA levels. B, Quantitation of the relative levels of RXRa, -13, and --y mRNAs in the rat heart during aging. Values are mean ± SE, n =5. For the RXRa and RXRI3 mRNAs, there were no overall age effects, the ANOVA yielded p =.912 and .900, respectively.
For the RXR-ymRNA, the overall effect of age was significant (p < .001); *, P < .05 versus the 6-month group; #, p < .001 versus the 2-month group. The average level of the r-erhAo-I mRNA markedly decreased between 2 and 6 months with a concomitant decrease in the u-MHC gene expression. Whereas a-MHC continued to decrease with aging from 6 to 24 months, there was no further change in the expression of the rerhA« mRN A with advancing age. In contrast, the level of r-erhAfs-I mRNA, which did not change between 2 and 6 months, exhibited a significant decrease between 6 and 24 months of age. Western blotting analysis further confirmed that the decrease in the r-erbA~-l mRNA between 6 and 24 months was accompanied by a reduction in the level of this THR protein. It has been reported that r-erbA~-l mRNA is the predominant mRNA in the conventionally thyroidresponsive tissues liver, kidney, and heart (27) and that the gene product of r-erhAjs-I (or THR~1) may playa major role in thyroid hormone actions. In this regard, the binding capacity of the receptors in the brain decreased during aging whereas the receptor binding in the liver was not altered (28) . Intriguingly, the presence of two TREs has been identified in the promotor of THR~-l (29), indicating that THR~l expression is directly regulated by THRRXRs. The present study showed that between 2 and 6 months of age, there was no change in the level, of the RXRa mRNA and a slight, but not statistically significant, decrease in the level of the RXR~mRNA. However, the mRNA' of the ')'-isoform of RXR exhibited a significant decrease between 6 and 24 months of age and was accompanied by a reduction in the RXR protein level.
In summary, the present results show that some measure- Figure 5 . The level of retinoid X receptor-v protein decreases in advanced age. Western blot of left ventricular samples was performed using an antibody specific for the "Y-isoform of the retinoid X receptor. 100 mg of protein from individual left ventricles of 2-, 6-, and 24-monthold Wistar rats were separated electrophoretically and transferred to a PVDF membrane. Plotted values are mean ± SE of relative intensities of bands, n = 8. The overall effect of age by the ANOVA was significant, p < .05; *,p < .O~versus the 6-month group.
form. Specifically, with aging between 6 and 24 months, both partners of the heterodimer, r-erb A-B! and RXR-y, showed a concomitant decrease in mRNA and protein levels. Assuming that the probability for heterodimeric formation varied with the concentration of each partner, the relative likelihood for r-erbA~l-RXR-y formation at 24 months of age versus that at 6 months of age was estimated to be .42. Thus the reduction of this heterodimer may be implicated in the reduction of a-MHC and increase in~-MHC gene expression and protein levels and therefore the reduction of cardia~muscle shortening velocity over this age range. 
